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Microwave band on-chip microcoils are developed for the application to single electron spin reso- 
nance measurement with a single quantum dot. Basic properties such as characteristic impedance 
and electromagnetic field distribution are examined for various coil designs by means of experiment 
and simulation. The combined setup operates relevantly in the experiment at dilution temperature. 
The frequency responses of the return loss and Coulomb blockade current are examined. Capaci- 
tive coupling between a coil and a quantum dot causes photon assisted tunneling, whose signal can 
greatly overlap the electron spin resonance signal. To suppress the photon assisted tunneling effect, 
a technique for compensating for the microwave electric field is developed. Good performance of 
this technique is confirmed from measurement of Coulomb blockade oscillations. 



I. INTRODUCTION 

Electronic spin confined to quantum dots (QDs) is a 
robust quantum number [1] and is therefore regarded as 
a good candidate for forming a quantum bit in quantum 
information processing Q. Electron spin resonance 
(ESR) is a powerful tool for achieving coherent spin ro- 
tation in the qubit operation and is realized by applying a 
microwave (MW) magnetic field perpendicular to a static 
Zeeman field. ESR is usually achieved using a MW cav- 
ity. However, this technique is unsuitable for QDs since 
the MW cavity usually raises the temperature of the spin 
qubit to an unacceptable level because it transmits direct 
radiation from room temperature. One solution is to use 
a low temperature cavity. Then we deal with this heating 
problem by using an on-chip MW coil [4, 5, 6] to which 
the MW is transmitted through coaxial cables to avoid 
direct room temperature radiation. 

Single spin ESR was recently demonstrated using a 
spin blockade readout technique for a double QD system 
with an on-chip coil structure [7]. Unlike a single dot, 
the spin blockade charge readout scheme is efficient for 
realizing a low Zeeman field, in that it allows the on- 
chip coil to be operated at a low frequency (100 MHz). 
Here we aim to extend the frequency band to the giga- 
hertz level, so a higher Zeeman field can be used that has 
much higher energy of ~ 1 K (Refs. [Z] and [8]) than the 
electron temperature. 

We set a static magnetic field to produce Zeeman split- 
ting for an electron in a QD and apply MW. If the fre- 
quency matches the resonance condition, the MW mag- 
netic field flips the spin to the excited state, which is po- 
sitioned in the reservoir transport window. The electron 
can then exit the QD generating a finite current. How- 
ever, capacitive coupling between a coil and a QD concur- 
rently causes photon assisted tunneling (PAT) [9, 10, 11^, 
which also excites the electron out of the QD. This PAT 
process smears out the ESR signal. Therefore, it is cru- 



cial to minimize the MW electric field by optimizing the 
on-chip MW coil to suppress the PAT effect. We perform 
this on-chip coil optimizations after numerical simulation 
and experimental test. 

This paper is organized as follows. Section HIl describes 
on-chip coil designs. The coil is connected to an on-chip 
high frequency transmission line to minimize insertion 
loss. Simulation results for several coil- waveguide struc- 
tures are presented and compared. Transport measure- 
ments obtained through QD devices under MW excita- 
tion provided by the integrated coil are presented in Sec. 
mil We check the return loss, which affects the QD trans- 
port regarded as the PAT process. Koppens et al. 0] 
previously developed a technique for canceling the PAT 
effect by using antiphase radio wave irradiation from a 
nearby antenna for lower frequencies. They attenuated 
and delayed the cancelation signal to minimize the MW 
electric field. The observed PAT signal was suppressed 
periodically with respect to frequency. We modified their 
technique for the higher frequency band using a vari- 
able phase shifter instead of a delay cable for tunable 
frequency. In Sec. HVl we analyze the experimental data 
and calculate the amplitude of the MW electric field. We 
compare them with the help of numerical simulation to 
finally estimate the MW magnetic field. 



II. DESIGN OF ON-CHIP COIL 

A. Transmission line 

In this section, we describe the design of our on-chip 
coil. The emerging problem in the MW band is heat- 
ing. The metal becomes more resistive in proportion to 
the square root of the frequency because of the skin ef- 
fect. We can deposit a several times thicker (approx- 
imately micrometer) metallic coil using a technique of 
photolithography rather than electron beam lithography. 
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FIG. 1: Characteristic impedance of typical transmission 
lines. K is the first order complete elliptic integral, /xo, W, 
s, and h are the magnetic susceptibility, the dielectric con- 
stant, the metal width, the gap, and the substrate thickness, 
respectively. 



TABLE I: Propagation lines and the typical dimensions for 
the condition Zo = 50 Q. The physical parameters used for the 
calculation are as follows: metal thickness = 1 /xm, substrate 
thickness = 0.5 mm, and dielectric constant of the substrate 
= 12.4 (Refs. [12] and [13]). 



Lines 


Metalwidth (/xm) Gap (/xm) 


Microstrip 


360 




Coplanar wave guide (CPW) 


14 


10 


Coplanar strip (CPS) 


100 


10 



To obtain an ideal structure in terms of characteristic 
impedance, it is better to properly make for the metal 
thicker than 1 /im. The typical skin depth decreases in 
inverse proportion to the square root of the frequency 
and is typically half a micrometer at 10 GHz. The line 
becomes more resistive than the simulation result for the 
metal thinner than 1 /im. Thermal conductivity is larger 
for the thicker metal and thus allows the application of 
a MW signal with the larger current. The coil metal is 
approximately micrometer wide. 

The approximately micrometer wide coil is placed 
solely just around the QD. On-chip transmission lines 
are used to deliver a MW to the coil. The characteristic 
impedance Zq of these lines is adjusted to that of factory 
made coaxial cables (i.e., Zq = 50 1^). Characteristic 
impedance is a function of the line geometry. According 
to textbooks such as Ref. [14], the formulas of Zq as a 
function of the dimensions for typical planar transmission 
lines are shown in Fig. [H The parameters are the metal 
width and gap. Their typical values are given in Table [J 
for Zo = 50 r^. The dielectric constant of the host ma- 
terial, GaAs, £r = 12.4, is used for the calculation. The 
microstrip shown in Fig. [1] is the simplest for the MW 



TABLE II: Numerical estimations of electric and magnetic 
fields at center. The excitation is a 1 V amplitude MW signal 
at 20 GHz. 

Magnetic field (mT) Electric field (mV//im) 



Single 


1.9 


21 


Spiral 


0.5 


4 


Resonator 


1.9 


11 



transmission line. However, we did not employ it because 
it requires a width of as much as 360 /im. Koppens et 
al. [7] previously used a coplanar strip (CPS) transmis- 
sion line for the ESR experiment. We used a coplanar 
waveguide (CPW) structure instead because the neces- 
sary surface area is smaller than CPS for an identical 
gap. 

Another factor related to the impedance is the reflec- 
tion property. When the coil impedance Zl is connected 
to a transmission line with characteristic impedance 
Zo, the MW is reflected at the input port of the coil. 
The reflection coefficient is /? = (Zq — Zi,)/(Zo + Zl). 
In the present MW range, many parameters such as 
line curvature, resistivity, and metal thickness change 
the impedance. Bonding wire produces an additional 
impedance, which cannot be calculated easily. So, in 
this paper, we only examine if PAT occurs effectively (in- 
effectively) at the local minimum (maximum) reflection 
frequency (see Sec. IIIip . 



B. Numerical calculations 

We start with a simple design, which involves wind- 
ing a CPW line to form a single turn coil [Fig. Efa)]. 
When a CPW is bent at 180°, a ground plane always 
remains between the input and output lines. This plate 
can be removed if we maintain the same pitch for the 
signal lines as that for the ground plane [15]. A QD is 
placed in the gap between the input and output lines. 
A similar design was previously tested using a CPS at a 
lower frequency [7] . The simulations for the MW electric 
and magnetic fields are performed for our designs at 20 
GHz using commercial software IE3D (Table HI]). Figure 
[3] shows the obtained in-plane electric field and perpen- 
dicular magnetic field profiles near the QD location. The 
input port is connected to the MW source and the out- 
put is grounded. The single line coil induces a stronger 
electrical field than expected, as discussed below. To con- 
centrate the current density in the coil near the QD is a 
straightforward way to increase the magnetic field. This 
can be done by making the CPW line narrower toward 
the QD. However, in reality it also strongly increases the 
electric field in our simulation. 

Concerning the development of on-chip MW struc- 
tures, there are already many studies performed on the 
on-chip spiral coil structure [16]. We followed these stud- 
ies and developed the on-chip spiral coil shown in Fig. 
[21(b). We calculated the basic properties of our on-chip 
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FIG. 2: CAD drawings of various on-chip coils: (a) Single 
turn coil, (b) spiral coil, and (c) on-chip resonator. Each coil 
is placed on high-dielectric substrate (GaAs). The spiral coil 
has a three-dimensional structure, in which the current input 
at the left port flows into the coil center and to the right port 
through a bridge line (colored by red) isolated by 100 nm Si02 
layer. A quantum dot is placed at the center of the circle in 
each design. 



spiral coil and plotted them in Fig. [3l We adjusted the 
coil diameter to maximize the magnetic field. Compared 
with the single line structure, the electric field is greatly 
reduced but the magnetic field is small. Then we judge 
the spiral coil is not practical. When we calculate the 
ratio of the magnetic field to the electric field, we found 
that effectiveness is the same as that for the resonator 
type (see below). Note that regarding the field homo- 
geneity, the on-chip spiral coil can produce the most ho- 
mogeneous field. 

To minimize the electric field, we consider the on-chip 
resonator [17, 18] shown in Fig. [2](c), which consists of 
a long CPW line of length / with one port grounded. A 
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FIG. 3: Calculation of MW electric (magnetic) field paral- 
lel (perpendicular) to the substrate (a) and (b), respectively. 
The distance is measured horizontally from the center of the 
coil circle to the left in Fig. [2] The excitation is a 1 V ampli- 
tude MW signal at 20 GHz. 



standing wave with a voltage node at the ground port is 
forced along the line. The structure is similar to that of 
the single turn coil; however, the single turn coil has no 
resonance mode simply because the length is too short. 
If the coil has a resonance mode, it works more effec- 
tively at the resonant frequency. We calculate the effec- 
tive wavelength A on the surface of GaAs to derive the 
resonance condition. Using the effective dielectric con- 
stant e' = (e^ + l)/2, A is calculated as Ao/Ve', where 
Ao is the wavelength in a vacuum. 

There are voltage and current nodes at different loca- 
tions (7r/2 phase shift). For I = n x X/2 with an odd 
integer n, an antinode appears in the voltage at the QD 
location [at the center of the circle in Fig. Efc)]. Un- 
der this condition, we expect a large electric field and a 
small magnetic field. Then / is about 3 mm to satisfy 
the condition / = A/2 at 20 GHz, and therefore we insert 
a meander line [15] to fit the line into a sample with a 
size of 2x1.6 mm^. When n is an even integer, a node 
and an antinode appear in the voltage and the current, 
respectively. Therefore, the maximum magnetic field is 
expected at the QD location. The simulation results are 
plotted in Fig. [3l The data are obtained at 20 GHz both 
for comparison with the single turn coil and for the worst 
case calculation for ESR with a larger electric field. This 
resonator design clearly provides better characteristics 
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FIG. 4: (a) Photograph of the on-chip coil device including 
a QD structure in the center. The inset gate metal pattern 
threading to the metal wires in the photograph is fabricated 
using electron beam lithography. The other microwave metal 
Une and metal plates are fabricated by optical lithography. 
The microwave line is isolated from the gates by a 100 nm 
thick diluted photoresist layer. We use a Canadian lateral dot 
design (Ref. [la]), (b) Compensation circuit. The triangle is 
a block attenuator. 

for ESR than other designs and the strongest magnetic 
field. 



III. EXPERIMENTS 
A. Experimental setup 

We used our integrated on-chip coil and QD devices 
in a dilution refrigerator to characterize the MW perfor- 
mance. Two semirigid coaxial cables were fitted to supply 
the sample with MWs. These cables transmit signals of 
up to ~46 GHz. The heat load was measured at ~20 /iW 
per cable, which raised the base temperature to 40 mK. 
A gold CPW on an alumina substrate was connected to 
the semirigid coaxial cable via factory made glass beads. 
The high frequency port of the on-chip coil was connected 
to the alumina CPW with 1 mm long bonding wires. 

Images of the device and a circuit sketch are shown 
in Fig. m We used a Canadian design to make a 
lateral QD holding just a single electron and supplied 
a MW to the on-chip coil. We estimate that a 4 dBm 
input power produces 4 mA under impedance matching 
condition. At this power level the dilution refrigerator 
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FIG. 5: Reflection coefficient as a function of microwave fre- 
quency. The peaks and dips are anti-resonant and resonant 
points, respectively. At the dip positions, high frequency sig- 
nals can transmit more effectively. Arrows (A) and (B) indi- 
cate the frequencies at which we measured the Coulomb peaks 
in Fig. El 



temperature increased to ~ 300 mK. 



B. Reflection property and coulomb peaks 

In this section, we characterize the reflection coefficient 
of the coil circuit. For the first experiment we used a sin- 
gle turn coil similar to the design shown in Fig. [2](a). 
With this coil, we expect a stronger PAT effect than for 
the resonator-type sample. When we applied a MW to 
the sample through the transmission line, part of the 
MW did not transmit. The reflection coefficient p was 
measured using a network analyzer and a standing wave 
ratio bridge. The frequency dependence of the absolute 
value of p is shown in Fig. O which we measured with an 
Anritsu autotester 560-98VF50A. There is a frequency 
region where the reflection is small. We can expect high 
efficiency for the MW performance at around this fre- 
quency region. Figure [6] shows the measured Coulomb 
peaks at two characteristic frequencies: (a) close to the 
local minimum (32 GHz) and (b) local maximum (38 
GHz) of the reflection. The power dependence of the QD 
Coulomb blockade spectrum is shown in Fig. [6l 

Figure ini^a) shows side peaks (arrows) caused by PAT 
and the peaks become broad with increasing MW power. 
On the other hand. Fig. ^h) shows the principal peaks 
just shifting with increasing MW power for the frequency 
at the antiresonance value of 38 GHz. The MW is not 
transmitted into the sample. Then Joule heating along 
the coaxial line causes the peak to drift. The MW at 
the resonance frequency propagates to the on-chip coil 
and generates the PAT signal. These results provide a 
guideline about the MW frequency where we should work 
for the ESR measurement. Nevertheless, the PAT process 
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FIG. 6: Microwave modulation of Coulomb blockade spec- 
trum measured at two different frequencies: MW reflection 
minimum (a) and maximum (b). /dot is the current flowing 
through the quantum dot. Influence of the MW power on the 
Coulomb peaks are different between (a) and (b). In (a) the 
peaks have side peaks (arrows) due to the photon assisted 
tunneling. In (b) the main peaks shift and become broad 
without showing any clean PAT effect. This behavior is due 
to the heating of the sample. 



still presents a problem. The next step is to focus on 
applying a magnetic field and reducing the electric field 
in order to remove the PAT signal. 
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FIG. 7: Dependence of Coulomb peak on compensation 0. 
The MW frequency is 40 GHz and the MW power is -23 (-20) 
dBm for the upper (lower) plot to the MW line. The upper 
(lower) trace is for -10 (-23) dBm compensation at gate R. The 
horizontal plane is the Vp — (/) plane. In the upper trace, the 
compensation works well and the peak reaches its maximum 
at = 288°. 



of Fig. [71 The main peak becomes sharpest when the 
phase is best adjusted. When the compensation level 
does not match, the compensation works poorly as seen 
in the lower panel of Fig. [3 Under the best compen- 
sation condition, there is only a standing magnetic field, 
which is a good regime for detecting ESR. The active 
compensation technique holds for any frequencies, using 
a continuous phase shifter. Actually we obtained similar 
results at other frequencies. When the phase matches 
and compensation works well, we can apply almost ~ 
dBm at the sample edge. 



IV. DISCUSSION 



C. PAT compensation 

To detect ESR, it is desirable to attenuate the PAT 
process. We developed the compensation circuit [7] to 
operate in the more active way and at the much higher 
frequency. We used the resonator-type on-chip coil, as 
shown in Fig. [H We split the MW signal and used a 
block attenuator to adjust the compensation level. After 
adjusting the phase (/) with a mechanical phase shifter 
(Waka Manufacturing Co., Ltd.) to maximize the com- 
pensation level, we launched the MW into one of the side 
gates through a bias tee A3N1025 (Anritsu Corp). 

The compensation results are shown in Fig. [3 The 
MW frequency is 40 GHz. If the compensation level 
matches the electric field provided by the on-chip coil, 
the side peak (arrow) is suppressed and the main peak 
is increased. This is the case shown in the upper panel 



From both the simulation and experiment, we con- 
firmed that the resonator-type coil is a better choice. 
To characterize the coil performance on the QD more 
quantitatively, we now analyze the effect of MW mod- 
ulation on the Coulomb blockade peaks in Figs. [6] and 
[71 The change in the peak arises from the PAT pro- 
cess such that electrons in the QD are injected (ejected) 
from (to) the reservoirs absorbing (emitting) photons 
SEini. Due to the PAT process there appear several 
small peaks/shoulders (arrows) with the spacing given 
by the photon energy hu. Following the standard PAT 
model, we define an oscillating potential V cos{27Tut) at 
the QD. A voltage drop across a tunnel barrier modifies 
the tunnel rate through the barrier as ^ 

oo 

f(^)= J'(a)-r(E + nH- 

n= — oo 
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FIG. 8: Lorentzian fit to the PAT signal, (a) Data witii tiie 
single turn coil MW line in Fig. ^a). MW frequency, and 
power is 32 GHz, and -30 dBm, respectively, (b) Data for 
comparison with the on-chip resonator type MW line. MW 
frequency is 28 GHz. Open and solid circles are for the MW 
power of -30 and -50 dBm, respectively. The experiment is 
performed for the lowest reflection. Therefore, the MW fre- 
quencies are slightly different between (a) and (b). 



Here n = 0,±1,±2,.... T{E) and T{E) are the tunnel 
rates at energy E with and without MW irradiation, re- 
spectively. Jn's are Bessel functions of the first kind. We 
define a = eV /hv. We apply this equation to the sim- 
plest case of a nondegenerate single QD level. We focus 
on the situation that the electron number changes from 
A^ — 1 to (see the inset in Fig. [8]). We take into account 
the charge balance between the QD and source-drain and 
the electron number conservation law (the so-called mas- 
ter equations) and calculate the net current as 



ot 



li + 7r ksT 



df{x) 



dx 



(1) 

^AT, 7^(r)7 yp-, and VsD are the energy level of dot, bare 
tunnel rate to the left (right) contact, gate voltage, and 
source-drain bias voltage, respectively. f{x) is the Fermi- 
Dirac distribution function and coefficients a and h are 
the lever arms measured by nonlinear Coulomb block- 
ade spectroscopy [2^. 9^/(^)^=(£;^_ay^-n/ir.)/fcBT gi^^s 
a peak at aVp = E^ — nhv with amplitude proportional 
to Jl{a). 

The electric field produced by the coils can be esti- 



mated by fitting the line shape of the Coulomb block- 
ade peak to Eq. [TJ We approximate df{x)/dx by a 
Lorentzian function because the data contain many kinds 
of experimental errors and take into account up to the 
two-photon process. For the single turn coil, we analyzed 
the data at 32 GHz with -30 dBm input (4.5 mV at the 
sample edge) in Fig. [6] because the data show clear PAT 
structures. One of the fitting results is shown in Fig. 
[HJa). The fitting parameters have some ambiguity, but 
we finally estimated the averaged voltage drop F of 150 
/iV using the value of a = 1.2. The distance d crossing 
the tunnel barrier was estimated to be 300 nm yielding 
an electric field of E = V/d ^ 0.5 mV//im. 

For the resonator type, we measured the MW modula- 
tion under the similar condition (at 28 GHz with -30 dBm 
input) for comparison in Fig. [Hl^b). We tried but the PAT 
structure was not well resolved. We could only estimate 
a = 0.45 from the change of the main peak to be pro- 
portional to Jo(a) and the electric field of 0.17 mV//im 
at 28 GHz with -30 dBm input. The MW modulation at 
40GHz shown in Fig. [3 was more easily analyzed. In the 
lower panel, we estimated 0.6 mV//im with -20 dBm in- 
put by fitting. Then we estimated that the electric field 
at 40 GHz would be 0.2 mV / jam with -30 dBm input. 

The single turn coil data show larger MW modulation 
than that for the resonator coil in both simulation and 
experiment. The simulation generally gives us a good 
guideline for designing the on-chip coil. The electric field 
experimentally evaluated is, however, several times larger 
than the simulation. Another problem is that the simu- 
lation for the resonator type predicts magnetic resonance 
at 40 GHz with zero electric field, whereas the experiment 
shows a finite electric field under the resonance condition. 
We consider that these problems come from the bonding 
wires for connecting the input and ground because they 
can produce an extra impedance and modulate the res- 
onance mode. The misalignment between the MW lines 
and the QD also gives a larger electric field in the exper- 
iment than that in the simulation because the MW lines 
are symmetric around the gap where the QD is placed. 
The alignment precision is restricted by an optical mask 
aligner precision, which is a few micrometers for the high 
frequency lines. 

To estimate the MW magnetic field, we compared the 
electric field for PAT data to the simulation and assumed 
that the ratio between the MW electric and magnetic 
fields is the same for the simulation. The estimated mag- 
netic field is ~ 0.4 g at -30 dBm. We used the ratio 
in the case that electric field is larger (see Sec. IHBp 
and thus this estimation is somewhat underestimation of 
MW magnetic field. Under the compensation condition 
described above, we can apply a dBm input, and then 
the magnetic field will be 30 times larger or ~ 1 mT. Note 
with standard cavity resonators, it is very difficult to pro- 
duce such a high magnetic field. If electron g factor is 
0.35 [7], the spin flip time is 2.5 MHz, which is detectable 
level when the tunneling rate of Coulomb blockade peak 
is about 10 MHz (IpA current). We can expect to detect 
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an ESR signal under these conditions. 

V. CONCLUSION 

We reported designs for a MW band on-chip coil and 
experimental techniques for actual devices with QDs. We 
simulated three types of on-chip coil structure. The sin- 
gle turn coil pattern is the simplest but it produces the 
strongest MW electric field in our models. In accor- 
dance with conventional NMR and ESR studies [16], we 
designed an on-chip spiral coil. This produces a homoge- 
neous magnetic field but a smaller amplitude. Another 
disadvantage for the spiral coil is that more microfabri- 
cation steps are necessary, and therefore the production 
yield will be low. Finally, the resonator-type pattern ap- 
peared more relevant than the others. We then fabri- 
cated samples with the resonator-type on-chip structure. 
We examined experimentally how strongly impedance 
matching affects the Coulomb blockade transport. With 
a low refiection coefficient, the current was modulated by 



a high frequency signal and there significantly appeared 
the PAT effect. It is clear that this PAT process over- 
rides the electron spin resonance signal. To suppress the 
PAT effect and maximize the MW magnetic field, we de- 
veloped a compensation technique available for the MW 
band. We demonstrated that the PAT side peak disap- 
peared when the phase of the compensation signal was 
best adjusted. According to our calculation, we could 
predict that a sufficiently strong MW magnetic field is 
generated for the single ESR measurement with QD. 
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